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INTRODUCTION
 Asphalt Concrete/ Hot Mix Asphalt (HMA)
 The global increase in premature failure of flexible pavements
within few years of construction
 The development of the AASHTO 2002 Mechanistic-Empirical
Pavement Design Guide (M-EPDG) and software (M-EPDS) as
part of NCHRP Project 1-37A
 Mechanistic-Empirical Design encompasses two parts:
mechanistic and empirical
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INTRODUCTION
 Dynamic modulus is measure of HMA’s resistance to
deformation under haversine loading
 Ratio of maximum stress to recoverable axial strain
 Basic input parameter for material characterization in M-EPDG
 Only performance test which completely characterize the asphalt
mixtures
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LITERATURE REVIEW
Study Year of Study Research Findings
Ekingen 2004
Determined the correlation of dynamic modulus with factors affecting 
the modulus i-e viscosity, gradation and rutting resistance. 
Mohammad et al. 2007
Plant produced  mixtures were tested and concluded that with increase 
in particle with RAP, higher dynamic modulus is achieved.
Shu & Huang 2008
Dynamic modulus predictive equations were developed and verified 
using laboratory testing.
Robbins 2009
Determine the dynamic modulus in laboratory and validate the dynamic
predictive equations using laboratory results
Bennert & Aboobaker 2009
Checked accuracy of AASHTO TP62-07 and compared plant produced
and laboratory prepared mixes on basis of modulus.
Bonaquist 2010
Compared dynamic modulus with different aggregate source and
concluded that aggregate source has significant effect.
Contreras et al 2010 Determined dynamic modulus using ultrasonic transmission test.
Hafeez et al 2012
Conducted dynamic modulus and wheel tracking test on polymer
modified asphalt
Khan & Kamal 2012
Compared performance of Marshall, Superpave & SMA based on creep
test, IDT & dynamic modulus test
Zhang et al 2013
Compared Dynamic Modulus test with Flow tests and uniaxial repeated
load test
REVIEW OF PAST STUDIES
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PROBLEM STATEMENT
Currently, in Pakistan,
 The structural design approach based on the 1993 AASHTO
design guide and Marshall mix design procedure is being used
for bituminous mixture designs.
 These are primarily empirical in nature which were developed
on the basis of field tests.
 Results from the field tests are not applicable for a different
climatic region and also for today’s traffic and construction
materials.
 Present study involves the characterization of mixtures using
Performance testing for the implementation of M-EPD
approach.
6
RESEARCH OBJECTIVES
 Investigate the factors affecting dynamic modulus (stiffness
parameter) in order to compare different asphalt concrete mixes
(local and global gradations).
 Develop regression model of dynamic modulus for wearing and
base course mixes
 Estimate the resistance to fatigue of selected asphalt concrete
mixes.
 Develop the master curves for selected asphalt concrete mixes.
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RESEARCH METHODOLOGY
Material Selection & Characterization ARL pen 60/70 binder
Margalla aggregate
Gradations
NHA-A  (WC,BC)
NHA-B (WC,BC)
Superpave  (WC,BC)
MS-2 (WC)
DBM (BC)Compaction
Marshall Compactor Gyratory Compactor
Performance Testing:
Dynamic Modulus Test
Statistical Analysis
Nd = 125
AV = 4%
Dia = 6”
Blows=75 (WC)
Dia = 4”
Blows= 112 (BC)
Dia =6"
Volumetric 
Parameter
Performance 
Parameter
AV%
VMA%
VFA%
Flow and 
Stability
Two-level 
Factorial design,
Non-linear 
Regression model,
Sensitivity 
Analysis
Selection of Gradation
Determination of Optimum bitumen content
Results & Conclusions
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SCOPE
Aggregate Source & Binder Margalla Aggregate & ARL 60/70
Test Temperature (°C) 4.4 21.1 37.8 54.4
Loading Frequency (Hz) 0.1 0.5 1 5 10 25 0.1 0.5 1 5 10 25 0.1 0.5 1 5 10 25 0.1 0.5 1 5 10 25
Wearing
Course
NHA-A ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
NHA-B ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
SP-1 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
MS-2 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
Base 
course
NHA-A ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
NHA-B ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
SP-2 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
DBM ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔
Test Matrix for Dynamic Modulus Testing
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MATERIAL CHARACTERIZATION 
JMF OF MIXES
Parameters
Wearing course Mixes Base course Mixes
NHA-A NHA-B Superpave MS-2 NHA-A NHA-B Superpave DBM
Optimum Asphalt 
Contents (%) 4.0 4.1 5.0 4.8 3.3 3.7 3.6 3.9
Air Voids (%) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
VMA (%) 12.15 12.95 14.7 14.52 11.38 11.87 12.17 12.4
VFA (%) 66.08 65.16 69.18 67.79 62.19 63.33 61.93 61.33
Stability (Kg) 1362 1291 1424 1544 2650 2905 2295 3496
Flow (mm) 12.04 12.65 13.55 13.12 19.25 18.65 21.55 18.12
10
RESULTS
Temperature Frequency Asphalt Wearing Course Asphalt Base  CourseAverage Dynamic modulus (MPa)
(Celsius) (Hz) NHA-A NHA-B SP-1 MS-2 NHA-A NHA-B SP-2 DBM
4.4
25 24259 23045 19240 23841 22936 21610 22296 26206
10 22711 21462 18010 22469 21005 19896 20778 25024
5 21674 20079 16818 21424 19435 18376 19394 23784
1 18138 16468 13648 18389 15520 14609 16082 20633
0.5 16469 14844 12156 16846 13896 12972 14399 19171
0.1 12679 10921 8912 13173 10316 9423 10704 15598
21.1
25 16164 14057 9756 12069 20519 16513 18158 23427
10 12766 11731 8121 10072 18268 14593 15847 21571
5 11054 9997 6940 8680 16671 13178 14365 20162
1 7378 6314 4498 5565 12543 9703 10669 16164
0.5 5930 4894 3279 4434 10787 8216 9020 14306
0.1 3307 2518 1999 2381 6417 4861 5515 9569
37.8
25 9494 9358 6642 9966 13476 13703 12941 15861
10 7112 7116 5135 7900 10996 11595 10643 14401
5 5587 5605 4125 6462 9150 9974 8979 12274
1 2977 2929 2264 3636 5350 6325 5500 10047
0.5 2176 2086 1660 2649 3891 4790 4140 7442
0.1 1072 952 735 1158 1635 2076 1776 4074
54.4
25 6597 3895 4292 4093 10006 10497 5852 11730
10 4667 2659 3089 2708 8117 8324 4559 9647
5 3425 1990 2325 1922 6376 6348 3490 8290
1 1623 996 1104 887 3946 3326 2299 5332
0.5 1156 716 758 643 2883 2427 1727 4109
0.1 622 394 375 352 1019 848 641 2074
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ANALYSES
1) Full Factorial Design of Experiment
2) Statistical Modelling
3) Non-linear Optimization (Master Curves)
4) Estimation of Fatigue Resistance
5) Sensitivity Analysis
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FACTORIAL DESIGN OF EXPERIMENT
 Analysis technique that involves scrutiny of simultaneous effects of
independent variables and their interaction on the response
 In this Research, two level factorial design is carried (i-e High & Low
levels)
 Three factors were considered for this study.
Facto s Abbr viation Units
Low Level High Level
WC BC WC BC
Temperature A oC 4.4 4.4 54.4 54.4
Frequency B Hz 0.1 0.1 25 25
Nominal Max 
Aggregate Size 
C mm 12.5 25 19 37.5
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FACTORIAL DESIGN OF EXPERIMENT
Strength of significance = Distance from line
. Reference line.
Values inside the critical 
region are insignificant 
Hypothesis for the Main Effect of Factorial design
Null Hypothesis,        Ho  =   Effect/Interaction is insignificant
Alternate Hypothesis, Ha =   Effect/Interaction is significant
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STATISTICAL MODELLING
 Deterministic and/ or Probabilistic
 Linear or Non-linear
 Trend of Variables
 Dynamic Modulus = f (Temperature, Loading Frequency, Mix volumetric parameter)
 Cobb-Douglas Functional Form
Yൌ ߙ	 ൈ	ܺ݅ఉ௜
|E*|ൌ ߙ ൈ		ܶఉଵ
	
ൈ		ܨఉଶ
	
ൈ 	ܸఉଷ
Where,
|E*| = Dynamic modulus. MPa
T = Temperature, Degrees (4.4 to 54.4 oC)
F = Loading Frequency, Hz (0.1 to 25 Hz)
V = Mix volumetric parameter (VMA in percentage)
ߙ, β1, β2 , β3= Regression Coefficients
Linear Assumption 
1) Linearity
2) Normality
3) Homoscedasticity
4) Independence of Error
Non-Linear
• Depending upon trend of data (logarithmic,
power etc)
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STATISTICAL MODELLING
|E*|ൌ હ	 ൈ		ࢀ઺૚
		
ൈ			ࡲ઺૛
			
ൈ		ࢂ઺૜
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Parameters Estimate S.E t-stat* R2
95% C.I
Lower Upper
Wearing mixes
α 714298 29590 24.10
0.897
656301 772294
β1 -0.603 0.016 -37.68 -0.634 -0.571
β2 0.152 0.008 19.00 0.137 0.168
β3 -1.133 0.160 -7.08 -1.447 -0.819
Base mixes
α 1609273 105562 15.24
0.772
1402371 1816175
β1 -0.333 0.015 -22.22 -0.361 -0.304
β2 0.164 0.009 18.22 0.145 0.182
β3 -1.670 0.265 -6.30 -2.192 -1.148
* t statistics are significant at 95 % confidence level
MODEL ACCURACY
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 Mean absolute percent error (MAPE) was calculated
ۻۯ۾۳ ൌ
૚
ܖ
෍ ۾۳ܑ 																																																																																																												
ܖ
ܑୀ૚
Where:
PEi= (Xi – Pi) / Xi 
 Xi = Actual Value
 Pi = Predicted Value
 MAPE value closer to zero has better accuracy
 MAPE Value for wearing and base course model is 0.15 and 0.19, respectively.
CONCLUSIONS & CONTRIBUTION
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Given the tested gradations/ mixes using Margalla aggregate and ARL60/70
bitumen grade:
 Stiffness Evaluation: NHA-A wearing course mix and European DBM base course
mix are relatively more stiff exhibiting higher values of dynamic modulus
 Model Development: Wearing and Base course models were developed and
validated. Developed models showed better predicting capability.
 A catalog of default dynamic modulus |E*| values for typical asphalt mixtures are
established by developing the master curves, Which in turns facilitate the
implementation of performance based mechanistic empirical structural design and
analysis approach in Pakistan
 Development of model facilitates the determination of dynamic modulus without
performing hasty and laborious laboratory testing which could result in saving
valuable time and money.
CONTRIBUTION TO STATE-OF-THE-PRACTICE
CONCLUSIONS
PUBLICATIONS
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QUESTIONS
M-EPDG
Climate Inputs Material Properties
Predicted Performance Mechanistic Analysis
Traffic
EICM
Transfer Functions
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Dynamic Modulus Test
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MATERIAL CHARACTERIZATION 
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COBB-DOUGLAS FORMULATION
Can be used when, with increase in independent
variable, dependent variable is increasing/ decreasing
non-linearly.
The parameters of independent variables are not
restricted to unity but, rather, are left free to be
determined by statistical estimation. This
mathematical specification helped to identify any non-
linearity in prediction of dynamic modulus.
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